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Introduction
There is a huge interest in development of hybrid-powered unmanned aerial vehicle (UAV) among research community recently [1] . The combination of battery and solar-powered UAVs has been widely implemented in military application especially surveillance, search and rescue, and border monitoring [1] [2] [3] [4] [5] . Thus, focus has moved towards optimizing for long endurance and range so that the UAV can operate mission for days [6] [7] [8] [9] [10] [11] [12] . However, solar energy is limited over a day, yet renewable and environment friendly.
Generally, solar-powered UAV will receive solar irradiance during daytime which is converted into energy for propulsion system and charging batteries. At night, when no solar irradiance available, the batteries will supply the for propulsion system to sustain operation. Thus, the performance of battery system is crucial to ensure solar-powered UAVs can continue its mission continuously day and night.
In this work, the Li-Ion Polymer (LiPo) battery charge and discharge characterization is done under thermal control environment in order to optimize the performance of these batteries for UAV application. Even though these batteries capabilities are pre-defined by manufacturer, massproduced parts may have lower performance than a prototype or laboratory tested parts. Thus, it is crucial to determine the real-time performance of these batteries based on the requirement of a UAV's operation. This work enables the preferred operational battery system design to accomplish the required endurance and range of the UAV thru charging and discharging batteries at optimum rate and operating temperature.
Methodology
The two main functions of a battery are to receive charge and discharge. Therefore, charging and discharging play a major role in the performance and life span of a battery. Thus, identifying the optimum operating temperature, required current and its corresponding flow rate for the battery is essential to maximize any UAV capabilities. In the following section, the details on the LiPo battery and the experimental work done are elucidated.
LiPo Battery
The chosen battery for this work is a single cylindrical LP-18650-JP-2600 LiPo battery with nominal voltage and capacity of 3.7 V and 2.6 Ah respectively that may discharge at a maximum rate of 5.2 Ah. This single cell battery as shown in fig. 1 (a), are one of the 21 cells that have been packed into seven sets of 2.6 Ah at 11.1V as shown in fig These custom built LiPo battery pack were specifically done for the solar-powered UAV ( fig.  1(d) ) developed by the Aircraft Design Group, Cranfield University, United Kingdom [6] . In total, when all seven battery packs are connected in parallel, it will be able to supply at maximum current of 36.4 A. However, based on the selected electric motor and propeller, the battery only requires to deliver a maximum current of 35 A. 70 °C, so the decision to set 40 °C as the upper limit in this study is made to avoid any undesired chemical reaction or explosion. Moreover, high temperature not only will reduce the performance of the battery but also its life cycle which will affect the study of this research. Besides, the limitation of this LiPo charger is that it can only discharge up to 5 A which is equivalent of 1.92 C rating for a 2.6 Ah capacity battery pack.
Result & Discussion
In this section, the results of the 2.6 Ah single cell LiPo battery charge and discharge characterization is depicted under thermal control environment. The main parameters discussed in this paper includes the trend of charging and discharging duration and cumulative current.
Charging & Discharging Duration
As mentioned earlier, the range of temperature for these experiments is set from 0 °C to 40 °C. The duration to charge a single cell LiPo battery over various charging rate at different temperature is plotted in fig. 2(a) . The theoretical value of the duration for various charging rate is shown as black dashed line. Ideally, the battery can be fully charged less than 50 minutes when the charging rate 2.0 C. Yet, in reality, the duration to charge the LiPo cell is about 2 hours in average even when the charge rate is up to 2.0 C. The range of optimum temperature for charging was identified between 30 °C and 40 °C, but the charging duration is 40 minutes more than theoretical value at 0.25 C.
The gap becomes bigger when charge rate increases. At 1.92 C, a battery is assumed to have charging period within 31.25 minutes but it is more than 2 hours in reality. The charging duration gap is anticipated due the battery, wiring and charger's internal resistance, which also should increase with the amount of current flow or charging rate. Thus, a high charging rate still requires a considerable amount of time to completely charge the battery.
On the other hand, investigation on the impact of temperature on the charging duration at various charging rate is done as shown in fig. 2(c) . When the charging rate is 0.25 C, the optimum temperature is close to room temperature before the charging duration increases again beyond the optimum temperature.
Anyway, the optimum temperature is higher as the charging rate rises. But, the impact of temperature on charging duration lessens when the charging rate grows especially above 1.25 C. Unlike charging duration, discharging duration in reality for various charging at different temperature is close to theoretical value which can be seen in fig. 2(b) . This is due to discharging duration is affected by the battery and wiring's internal resistance only.
Thus, a single cell LiPo battery manages to achieve just below the theoretical value, in contraire to the charging duration which is always higher than the theoretical value. The optimum temperature for discharging battery increases when discharging rate rises as shown in fig. 2(d) . Yet, the battery fails to discharge if the discharging rate is high and temperature is low.
Cumulative Current Trend
Apart from charging or discharging duration of the battery, the total amount of accumulative current is important to identify the amount of capacity stored in the battery out of the charging process. Fig. 3(a) expounds the cumulative current trend of single LiPo battery over charging rate at various temperatures. It is found that the cumulative current is higher when the charging at lower rate and higher temperature.
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Engineering Innovation At higher temperature, the amount of cumulative current stored in the battery hardly affected by the change in charging rate. At 40 °C and 0.25 C charging rate, the lost in storage capacity is roughly about 7%. But then, 15% storage wasted when this battery charged at the same 0.25 C charging rate but at lower temperature of 0 °C.
At lower temperature, the storage capacity level almost halved at higher charging rate as shown in fig. 3(c) . At 1.92 C, the cumulative current is only around 1.6 Ah at 0 °C but the value is increased to 2.1 Ah when temperature is 30 °C. Thus, it is best to charge at a low charging rate and also at a high operating temperature to be able to store the most capacity in a battery. This analysis indicates that choosing the charging rate with consideration of surrounding temperature is crucial as the UAV flight endurance will be directly affected.
Besides, the cumulative current tendency over discharging rate at different temperature is displayed in fig. 3 (b) . Surprisingly, there was no capacity attainable from this battery at 0 °C operating temperature when discharged at 1.92 C. However, at a low discharging rate of 0.25 C, the battery manages to deliver a 2.014 Ah and 2.485 Ah cumulative current at 0 °C and 40 °C in respective order. These amounts of capacities are fairly close to the theoretical value defined by the manufacturer.
However, the drop in cumulative current level at 1.92 C discharging rate depletes the capacity obtained to merely 38% of the manufacturer's specification at shown in fig. 3 (d) . Here, the capacity obtained from a battery reduces with the rising discharging rate and decreasing temperature. Therefore, similar to the battery charging, the discharging is best done in a warm temperature but at a low charging rate. Discussion Surprisingly, the charging duration to full capacity of this LiPo cell is maintained at average value of 2 hours approximately which is supposed to be half an hour theoretically at high charging rate. Hence, a high charging rate still requires a considerable amount of time to charge to full capacity completely. So, it is best to avoid charging a battery at charging rate beyond 1 C.
Therefore, for the solar module installed in solar-powered UAV developed by Aircraft Design Group, Cranfield University was designed to charge the battery pack at a nominal or maximum rate of 0.129 C and 0.155 C correspondingly. Thus, the solar module requires roughly 5.73 hours on nominal charging rate on 30 °C operating temperature to fully charge capacity level instead of 5.54 hours theoretical predicted.
The battery pack will then discharge at cruise flight roughly about 0.071 C to a maximum of 1.685 C if required. If the battery pack is not charged, during cruise flight the battery capacity will deplete completely at about 6.51 hours for the same operating temperature, in contrast to the 6.48 hours based on the theoretical prediction.
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Conclusion
The LiPo battery is not able to charge and discharge properly towards the lower end temperatures as specified by the manufacturer. Yet, the optimum temperature for charging and discharging the LiPo battery is slightly more than room temperature. This clearly states that the usage of LiPo batteries for operation at high altitudes and/or extreme temperatures without an additional heating or cooling system for these battery packs is not favorable. Thus, it is best to charge at low charging rate and high operating temperature to store the most capacity in a battery.
